Objective: In addition to direct effects on myocardial cell function, tumor necrosis factor α (TNFα) contributes to adverse cardiac remodeling by increasing production of other pro-inflammatory cytokines [e.g. interleukin (IL)-1 and IL-6]. Both statins and thiazolidinediones (TZDs) have beneficial effects on cardiac remodeling, possibly due to their anti-inflammatory properties. The present study examined the mechanisms by which TNFα stimulates expression of pro-inflammatory cytokines in cultured human cardiac fibroblasts and determined the effects of statin or TZD treatment. Methods: Human cardiac fibroblasts were cultured from biopsies of right atrial appendages. Cytokine mRNA expression and secretion was measured using quantitative real-time RT-PCR and ELISA. Activation of signaling pathways was determined by immunoblotting with phospho-specific antibodies. Results: TNFα (0.1-10 ng/ml) stimulated IL-6, IL-1α and IL-1β mRNA expression in cardiac fibroblasts in a concentration-dependent manner. Pharmacological inhibitors and receptor-neutralizing antibodies established that both TNFα-induced IL-6 and IL-1β expression was mediated via the TNFRI receptor and p38 mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/Akt and nuclear factor (NF)-κB pathways. In contrast, TNFα-induced IL-1α expression required both TNFRI and TNFRII subtypes and p38 MAPK and PI3K/Akt pathways, but was negatively regulated by the NF-κB pathway. Neither statins (simvastatin, fluvastatin) nor TZDs (ciglitazone, rosiglitazone, troglitazone) had inhibitory effects on TNFα-induced IL-6 secretion or IL-1α/β mRNA expression; indeed, cytokine expression was increased in response to TZDs. Conclusions: Our data provide important insights into the regulation of pro-inflammatory cytokine expression in human cardiac fibroblasts and suggest that the myocardial anti-inflammatory effects of statins and TZDs are not due to inhibition of TNFα-induced IL-1 or IL-6 expression by cardiac fibroblasts.
Introduction
The importance of pro-inflammatory mediators in the development of heart failure has, over recent years, become well recognised. Following myocardial infarction (MI), the acute inflammatory phase serves initially to drive tissue repair and adaptation to injury [1] . However, in the longer term, sustained expression of pro-inflammatory cytokines is detrimental and can lead to progressive heart failure [1] . The pro-inflammatory cytokines tumor necrosis factor α (TNFα), interleukin-1 (IL-1) and interleukin-6 (IL-6) play key roles in this myocardial inflammatory response. In the early stages post-MI, inflammatory cells that infiltrate the infarct zone are the predominant source of these cytokines, however in the longer-term pro-inflammatory cytokine expression occurs at Cardiovascular Research 76 (2007) 81 -90 www.elsevier.com/locate/cardiores sites remote from the initial injury and originates from the myocardial cells themselves [2, 3] . Cardiac fibroblasts are the most prevalent cell type in the human heart, accounting for two-thirds of all myocardial cells [4] . Both cardiomyocytes and cardiac fibroblasts have the capacity to secrete TNFα and IL-6, but fibroblasts appear to be the principal source of IL-1 [5] . Cardiomyocytes respond to many pro-inflammatory cytokines by undergoing apoptosis and/or hypertrophy, whilst cardiac fibroblasts adopt a myofibroblast phenotype and undergo increased proliferation and collagen turnover, thus contributing to the adverse post-MI remodeling that can ultimately lead to heart failure [4] . Clinical studies have demonstrated a strong association between plasma TNFα levels and the progression of left ventricular (LV) remodeling and heart failure [6, 7] . Moreover, in animal models TNFα infusion or cardiac-specific overexpression of TNFα results in LV dysfunction and heart failure [8, 9] . TNFα exerts its biological effects via activation of two distinct cell surface receptors, the low affinity 55 kDa TNFRI receptor and the high-affinity 75 kDa TNFRII receptor [10] , both of which are expressed in adult human myocardium [11] . Moreover, we have recently reported their expression in cultured adult human cardiac fibroblasts [12] . Most of the known biological effects of TNFα are mediated via TNFRI activation, whereas the role of TNFRII is less well established [10] .
Statins (HMG-CoA reductase inhibitors) are commonly prescribed cholesterol-lowering drugs that also appear to exert beneficial pleiotropic effects on myocardial remodeling independently of their lipid-lowering properties [13, 14] . A potential mechanism by which statins can act in this way is by reducing expression of pro-inflammatory cytokines, as has been observed in the plasma of heart failure patients undergoing statin therapy [15, 16] . More recent evidence from a rat MI model [17] and a study on heart transplant patients [18] suggests that statins can also reduce local expression of pro-inflammatory cytokines in the myocardium.
Thiazolidinediones (TZDs) are insulin-sensitizing agents that are primarily used for the treatment of Type 2 diabetic patients. However, in addition to improving insulin resistance, TZDs also exhibit a range of pleiotropic effects on cardiovascular cell function, including modulation of cell proliferation, migration, matrix remodeling and cytokine secretion [19, 20] . TZDs ameliorate cardiac hypertrophy in animal models [21, 22] and at the cellular level they can reduce cardiomyocyte hypertrophy [21, 23] and modulate type I collagen expression by cardiac fibroblasts [24] .
The aims of the present study were firstly, to determine whether TNFα could stimulate expression of other proinflammatory cytokines (IL-6, IL-1α and IL-1β) in cultured human cardiac fibroblasts. Secondly, to conduct a comprehensive investigation of the intracellular mechanisms underlying these effects. Finally, to establish whether the reported anti-inflammatory effects of statins and TZDs on the myocardium could be explained by their ability to reduce pro-inflammatory cytokine expression by cardiac fibroblasts.
Methods

Reagents
All cell culture reagents were purchased from Invitrogen (Paisley, Scotland, UK), except fetal calf serum that was from Biosera Ltd (Ringmer, East Sussex, UK). Human recombinant TNFα was obtained from Sigma (Poole, Dorset, UK). All real-time RT-PCR reagents and Taqman probes/primers were from Applied Biosystems (www.appliedbiosytems. com). All statins, TZDs and signaling inhibitors were from Calbiochem (Nottingham, UK), except LY294002 that was from Alexis Biochemicals (Nottingham, UK).
Cell culture
Biopsies of right atrial appendage were obtained from patients without LV systolic dysfunction undergoing elective Fig. 1 . Effect of TNFα on pro-inflammatory cytokine mRNA expression. Human cardiac fibroblasts were treated with 0.1-10 ng/ml TNFα in low serum medium (0.4% FCS) for 6 h before extracting RNA. Relative quantification of cytokine mRNA levels was performed by real-time RT-PCR using specific Taqman primer/probes for IL-6 (A), IL-1α (B) and IL-1β (C). Data are expressed relative to control unstimulated sample (n = 5). ANOVA: IL-6, IL-1α and IL-1β = P b 0.0001. Newman-Keuls post hoc test: ⁎⁎⁎ P b 0.001, ⁎⁎ P b 0.01, ⁎ P b 0.05 for effect of TNFα. coronary artery bypass surgery at the Leeds General Infirmary. Local ethical committee approval and informed patient consent were obtained and the investigation conformed to the principles outlined in the Declaration of Helsinki, 1997. Primary cultures of cardiac fibroblasts were harvested, characterized as myofibroblasts (α-smooth muscle actin-and vimentin-positive) and cultured as we have described previously [25, 26] . Experiments were performed on cells from passages 3-5. Cells were serum-starved by incubation in serum-free medium (SFM) for 48 h prior to performing experiments in low serum medium (0.4% FCS).
Quantitative RT-PCR
Cells were pre-treated with low serum medium containing appropriate supplements (neutralizing antibodies or pharmacological agents) before addition of TNFα. Cellular RNA was extracted after the appropriate incubation time using the Aurum Total RNA Kit (BioRad, Hemel Hempstead, UK) and cDNA prepared using the Reverse Transcription System (Promega, Southampton, UK), both according to the manufacturer's instructions. Real-time PCR was performed on duplicate samples using the Applied Biosystems 7500 Real-Time PCR System with human IL-6 (Hs00174131_m1), IL-1α (Hs00174092_m1) or IL-1β (Hs00174097_m1) primers and Taqman probes. Data are normalized to human GAPDH mRNA levels (Hs99999905_m1 primers) as an endogenous control (unaffected by any treatments used) and are expressed relative to either untreated control or TNFα-treated sample using the formula 2 − ΔΔC T , in which C T is the threshold cycle number.
Neutralizing antibody experiments
Serum-starved fibroblasts were pre-treated for 1 h with monoclonal neutralizing antibodies (R&D Systems, Abingdon, Oxfordshire, UK) for TNFRI (MAB625) or TNFRII (MAB726) at a final concentration of 10 μg/ml prior to addition of TNFα and measurement of cell signaling or cytokine mRNA levels.
Western blotting
Serum-starved fibroblasts were exposed to SFM containing 10 ng/ml TNFα for the appropriate time before preparing whole cell homogenates and immunoblotting as we have described previously [27] . Activation of signaling pathways was determined using phospho-specific antibodies (Cell Signaling Technology, Hitchin, Hertfordshire, UK) and equal sample loading was confirmed using appropriate expression antibodies (Cell Signaling Technology). Immunolabelled bands were visualized by SuperSignal West Pico chemiluminescence kit (Perbio, Cramlington, Northumberland, UK).
Cytokine ELISAs
Cells were pre-treated for 4 h with low serum medium containing simvastatin or TZDs before addition of TNFα for 24 h. Conditioned media were collected, centrifuged to remove cellular debris and stored at − 40°C for subsequent analysis. ELISAs were performed according to the manufacturer's instructions (R&D Systems). Samples for IL-6 analysis were diluted 1:50-1:100 and those for IL-1α and IL-1β were not diluted. The sensitivity (minimum detectable concentration) of the ELISAs was 0.70, 1.0 and 1.0 pg/ml for IL-6, IL-1α and IL-1β respectively.
Statistical analysis
Results are expressed as mean±SEM with n representing the number of experiments on cells from different patients.
Differences between normalized data were analyzed using paired ratio t-tests. Dose response data were compared as ratios using repeated measures one-way analysis of variance (ANOVA) and Newman-Keuls post hoc test. All statistical analyses were performed using GraphPad Prism software (www.graphpad. com). Pb 0.05 was considered statistically significant.
Results
Effect of TNFα on pro-inflammatory cytokine expression in human cardiac fibroblasts
To determine whether TNFα could induce expression of other pro-inflammatory cytokines in human cardiac fibroblasts, we employed quantitative real-time RT-PCR to simultaneously measure mRNA levels for IL-6, IL-1α and IL-1β following treatment of cells from 5 different patients with 0.1-10 ng/ml human TNFα for 6 h. Steady-state mRNA levels of all three cytokines were increased in a concentrationdependent manner following TNFα treatment, with maximal stimulation (5-fold, 7-fold and 11-fold increases for IL-6, IL-1α and IL-1β respectively) observed in response to 10 ng/ml TNFα (Fig. 1) . All subsequent experiments were performed using 10 ng/ml TNFα. 
Signaling pathways mediating TNFα-induced cytokine expression
We have recently reported that TNFα stimulates the extracellular signal-regulated kinase (ERK-1/2), p38 mitogen-activated protein kinase (p38 MAPK), phosphoinositide 3-kinase (PI3K)/Akt and nuclear factor-κB (NF-κB) pathways, but not the c-Jun NH 2 -terminal kinase (JNK) pathway, in human cardiac fibroblasts [28] . To determine which of these signaling pathways was required for expression of individual cytokines in response to TNFα, we utilized specific pharmacological inhibitors of the ERK kinase MEK-1 (PD98059), p38 MAPK (SB203580), PI3K (LY294002) and the IκB kinase IKK-2 (IMD-0354).
Firstly, we established the effects of appropriate concentrations of these inhibitors by measuring phosphorylation of relevant downstream substrates, namely ERK-1/2, HSP27, Akt and IκB-α respectively. PD98059 (30 μM) and SB203580 (10 μM) inhibited the ERK and p38 MAPK pathways respectively, without affecting other signaling pathways ( Fig. 2A) . The PI3K inhibitor LY294002 (10 μM) readily inhibited TNFα-induced Akt phosphorylation, and also reduced TNFα-induced ERK phosphorylation ( Fig. 2A) . As LY294002 does not directly inhibit ERK activity [29] , these data indicate that TNFα-induced ERK phosphorylation occurs via a PI3K-dependent mechanism in human cardiac fibroblasts. Finally, the IKK-2 inhibitor IMD-0354 (10 μM) successfully prevented TNFα-induced IκB-α phosphorylation and degradation ( Fig. 2A) . The TNFα-induced reduction in IκB-α expression was also reversed by MG-132, an inhibitor of the proteasome degradation pathway, confirming that loss of signal was due to proteolytic degradation of IκB-α (data not shown). Additionally, IMD-0354 inhibited basal and TNFα-induced ERK phosphorylation and increased basal HSP27 phosphorylation to levels similar to those observed in TNFα-stimulated cells (Fig. 2A) . Furthermore, IMD-0354 decreased basal Akt phosphorylation (Fig. 2A) .
Inhibitors were then employed to determine the role of these signaling pathways in mediating TNFα-induced cytokine expression. TNFα-induced IL-6 mRNA expression was reduced 60-80% by inhibitors of the p38 MAPK, PI3K and NF-κB pathways, but was not affected by ERK pathway inhibition (Fig. 2B) . In contrast, the TNFα-induced increase in IL-1α mRNA levels was reduced by more than 80% by p38 MAPK and PI3K inhibition, unaffected by ERK inhibition, and increased 1.7-fold by NF-κB inhibition (Fig. 2B) . Finally, TNFα-induced IL-1β mRNA expression was unaffected by ERK inhibition, partially reduced (35%) by p38 MAPK inhibition, and greatly reduced (80%) by PI3K/Akt and NF-κB inhibition (Fig. 2B) . As IMD-0354 modulated several signaling pathways ( Fig. 2A) , we also investigated the effects of two additional NF-κB pathway inhibitors on TNFα-induced cytokine expression. Both wedelolactone (25 μM) and MG-132 (10 μM) inhibited TNFα-induced IL-6 mRNA expression to levels comparable with those following IMD-0354 treatment (data not shown). In contrast, wedelolactone (but not MG-132) mimicked the effect of IMD-0354 by increasing IL-1α mRNA levels and MG-132 (but not wedelolactone) mimicked the effect of IMD-0354 by reducing IL-1β mRNA levels (data not shown).
TNF receptor subtypes mediating TNFα-induced cytokine expression
We have previously reported that human cardiac fibroblasts express both the TNFRI and TNFRII subtypes of the TNF receptor [12] . We therefore investigated which receptor subtypes mediated the effects of TNFα on signaling and pro-inflammatory cytokine expression in these cells.
A TNFRI-selective neutralizing antibody inhibited TNFα-induced phosphorylation of ERK-1/2, p38 MAPK and Akt, and IκB-α phosphorylation and degradation, whereas a TNFRII-selective neutralizing antibody had no effect on any of the pathways studied (Fig. 3A) . JNK phosphorylation was not observed following TNFα treatment or exposure to either neutralizing antibody (data not shown).
The identity of the TNF receptor subtype coupled to proinflammatory cytokine expression was determined by measuring TNFα-induced cytokine mRNA levels following blockade with the same selective neutralizing antibodies. TNFα-induced expression of IL-6 mRNA (Fig. 3B) and IL-1β mRNA (Fig. 3D) was inhibited specifically by the TNFRI neutralizing antibody, but not by the TNFRII antibody. In contrast, TNFα-induced IL-1α mRNA expression was markedly inhibited (80%) by the TNFRI antibody and also partially inhibited (35%) by the TNFRII antibody (Fig. 3C) . Basal levels of cytokine mRNA expression (i.e. in the absence of TNFα) were increased slightly (1.5-to 2-fold) by the TNFRI antibody, but were not affected by the TNFRII antibody (data not shown). In subsequent experiments on cells from three different patients, we determined that simultaneous treatment with both neutralizing antibodies had no additional effects over those observed with the TNFRI antibody alone. Thus, the relative mRNA levels of IL-6, IL-1α and IL-1β were 0.70 ± 0.01, 0.38 ± 0.13 and 0.39 ± 0.12 respectively in the presence of TNFRI antibody, compared with 0.75 ± 0.11, 0.33 ± 0.08 and 0.31 ± 0.16 in the presence of TNFRI antibody plus TNFRII antibody.
Effects of statins on TNFα-induced cytokine mRNA and secretion
Using real-time RT-PCR we determined that simvastatin, a commonly prescribed statin, reduced TNFα-induced IL-6 mRNA levels by 45% (Fig. 4A) . Although mRNA levels provide a useful indicator of effects on gene transcription and mRNA stability, they do not necessarily equate to changes in protein secretion, which may be subject to further downstream regulation (e.g. protein translation or vesicle trafficking). We therefore employed an ELISA to determine the effects of statins on TNFα-induced IL-6 secretion in conditioned media after 24 h. Unstimulated cardiac fibroblasts constitutively secreted IL-6 (2600 pg/ml), and this was further increased 2.7-fold by TNFα treatment (Fig. 4B) . Despite reducing IL-6 mRNA levels, simvastatin had no effect on TNFα-induced IL-6 secretion (Fig. 4B) . Similar results were also obtained with another lipophilic statin, fluvastatin (Fig. 4B) .
The effect of simvastatin on TNFα-induced IL-1α and IL-1β expression was then investigated. Simvastatin treatment consistently yielded a 3-4 fold increase in both TNFα-induced IL-1α and IL-1β mRNA levels (Fig. 4C, D) . ELISA analysis revealed the mean levels of IL-1α and IL-1β secretion from unstimulated cells after 24 h were only 0.03 pg/ml and 0.29 pg/ml respectively, which rose to 0.34 pg/ml and 0.57 pg/ml in TNFα-treated cells. However, these levels remained well below the manufacturer's stated minimum detectable concentration for the ELISA of 1 pg/ml, indicating that secretion of these cytokines is negligible under these conditions.
Effects of TZDs on TNFα-induced cytokine mRNA and secretion
The modulatory effect of three different TZDs (ciglitazone, rosiglitazone and troglitazone) on TNFα-induced cytokine expression was determined. A trend towards increased TNFα-induced IL-6 mRNA expression was evident following treatment of cardiac fibroblasts with ciglitazone or troglitazone, but rosiglitazone was without effect (Fig. 5A) . A similar pattern was observed when IL-6 secretion was measured by ELISA, with both ciglitazone and troglitazone (but not rosiglitazone) stimulating a significant increase in TNFα-induced IL-6 secretion (Fig. 5B ). All three TZDs had stimulatory effects on TNFα-induced IL-1α and IL-1β mRNA levels, although not all of these reached statistical significance (Fig. 5C, D) .
Discussion
Our study reports several major findings. Firstly, that TNFα increases mRNA expression of other pro-inflammatory cytokines (IL-6, IL-1α and IL-1β) in human cardiac fibroblasts in vitro. Secondly, that these effects are mediated via specific TNF receptors and signaling pathways (summarized in Fig. 6 ). Thirdly, that TNFα induces a significant increase in IL-6 secretion, but not IL-1α or IL-1β secretion, from human cardiac fibroblasts. Finally, that TNFα-induced IL-6 secretion is increased by the TZDs ciglitazone and troglitazone, but not modulated by statins or rosiglitazone.
We have previously reported that human cardiac fibroblasts express both TNFRI and TNFRII receptor subtypes [12] . Although the use of soluble TNFα favors activation of TNFRI compared with TNFRII [10] , we revealed a novel role for TNFRII in mediating TNFα-induced IL-1α expression. TNFRII was not coupled to activation of ERK, p38 MAPK, JNK, PI3K/Akt or NF-κB pathways, as these were unaffected by the TNFRII neutralizing antibody. The modulation of IL-1α expression by TNFRII may be mediated via alternative TNFRII-specific signaling pathways, such as Bmx/Etk or STAT3 [30, 31] . However, the lack of additive effect of the two neutralizing antibodies on TNFα-induced IL-1α expression suggests a degree of interaction between the two receptor subtypes, possibly at the level of "ligand-passing" whereby the high-affinity TNFRII receptor binds TNF to present it to TNFRI [10] . That the TNFRI antibody only partially inhibited TNFα-induced IL-6 mRNA expression (42% reduction) compared with IL-1α/β (75-82% reduction) is likely due to Fig. 6 . Summary of signaling networks coupling TNFα to pro-inflammatory cytokine expression in human cardiac fibroblasts. Solid arrows indicate stimulatory role, thicker arrows represent greater role, and hatched lines indicate inhibitory role. TNFα induces IL-6 expression via TNFRI, and is equally dependent on p38 MAPK, PI3K/Akt and NF-κB activation, but independent of ERK activation. TNFα-induced IL-1α expression occurs predominantly via TNFRI and is p38 MAPK-and PI3K/Akt-dependent, and is negatively regulated by NF-κB. TNFRII is also involved in TNFα-induced IL-1α expression, although the precise mechanism has yet to be established. TNF-induced IL-1β expression occurs solely via TNFRI and is fully dependent on PI3K/Akt and NF-κB activation, partially dependent on p38 MAPK, but independent of ERK.
incomplete inhibition of TNFRI, coupled with the differing sensitivities of expression of individual cytokines to TNFα. Indeed, when the TNFα concentration was reduced from 10 ng/ml to 1 ng/ml, comparable reductions in IL-6 (47%) and IL-1α/β (81-84%) mRNA levels were observed (Fig. 1) .
IL-6 gene transcription can be induced via several different intracellular signaling pathways, including ERK, p38 MAPK and NF-κB [32] . In neonatal mouse cardiac fibroblasts, IL-6 expression was induced via activation of p38 MAPK, but not ERK, following stimulation of the β 2 -adrenergic receptor or AMPK [33, 34] . In contrast, angiotensin II-induced IL-6 production in neonatal rat cardiac fibroblasts required both p38 MAPK and ERK activation, but not NF-κB [35] , while Gα13 G-protein-induced IL-6 expression required NF-κB activation [36] . In our present study, using human cardiac fibroblasts, TNFα stimulated IL-6 mRNA expression via p38 MAPK, PI3K/Akt and NF-κB pathways, but ERK activation was not important. It is clear therefore that induction of IL-6 expression in cardiac fibroblasts can proceed via multiple pathways, depending on the initiating stimulus.
Although IL-1α and IL-1β exert their functional responses via the same receptor, they are products of different genes, and their synthesis and regulation are very different [37] . The IL-1β gene promoter contains numerous transcription factor binding sites, including those for NF-κB, AP-1, Sp1, NF-IL6 and CREB [37] . In the present study, TNFα stimulated IL-1β mRNA expression via the p38 MAPK, PI3K/Akt and NF-κB pathways, but not the ERK pathway. Sp1-mediated transcription has recently been shown to be stimulated by both the p38 MAPK and PI3K/Akt pathways [38, 39] , which may explain the importance of these pathways in promoting IL-1β transcription in our study. In contrast to IL-1β, relatively little is known about the regulation of IL-1α gene transcription. The IL-1α promoter lacks classical TATA and CAAT boxes and contains few consensus transcription factor binding sites, although sites for AP-1, Sp1 and a transcriptional repressor have been identified [40] . In the present study, inhibition of either the p38 MAPK or PI3K/Akt pathway prevented TNFα-induced IL-1α expression, possibly also via inhibition of Sp1-mediated transcription. Interestingly, we also observed an increase in TNFα-induced IL-1α expression following treatment with IMD-0354, an inhibitor of IκB kinase-2 (IKK-2). Our data therefore propose a novel role for NF-κB as a negative regulator of IL-1α gene expression in human cardiac fibroblasts.
Post-transcriptional regulation of IL-1α and IL-1β is also very different. IL-1α is not secreted from human cells, but accumulates intracellularly and at the plasma membrane [37] . A previous study on cultured human cardiac fibroblasts determined that IL-1α expression was localized to the nucleus and low level secretion occurred only after prolonged culture [41] . Our results concur with this and further demonstrate that despite observing 5-to 10-fold increases in steady state IL-1α mRNA levels, TNFα treatment does not induce significant IL-1α secretion. Previous studies on monocytic cells revealed that IL-1β synthesis can also be regulated at the translational level [37] . Thus, several stimuli can induce significant amounts of IL-1β mRNA, without appreciable translation or secretion of IL-1β protein. This is likely the case in our study, in which only trace amounts of IL-1β were detected in culture medium after TNFα treatment, despite N10-fold induction of IL-1β mRNA expression. This mechanism may be specific to human cardiac fibroblasts, as constitutive IL-1β secretion has been observed in unstimulated rat and mouse cardiac fibroblast cultures [36, 42] , whereas in cultured human cardiac fibroblasts it is absent (our data and [43] ).
The ability of statins to reduce post-MI remodeling is likely a cumulative result of effects on cardiomyocytes and cardiac fibroblasts, the two major cell types of the heart. Statin treatment can reduce plasma levels of pro-inflammatory cytokines in heart failure patients [15, 16] and reduce myocardial expression of pro-inflammatory cytokines in human hearts [18] and in animal models of MI [17] . However, the cellular source of cytokine expression affected by statin treatment in those studies was not determined. Our current findings that statin treatment does not reduce TNFα-induced IL-6 secretion, and actually increases IL-1α/β mRNA in human cardiac fibroblasts, suggest that the ability of statins to reduce myocardial cytokine expression is most likely due to effects on other cell types (e.g. cardiomyocytes).
TZDs, in addition to their insulin-sensitizing properties, possess anti-inflammatory properties and exhibit beneficial pleiotropic effects on both cardiomyocytes and cardiac fibroblasts that can act to reduce myocardial remodeling [20] [21] [22] [23] [24] . However, whether the ability of TZDs to reduce adverse myocardial remodeling can be explained by reduced myocardial pro-inflammatory cytokine expression has not previously been explored. Our data revealed that rather than reducing cytokine expression, two of the TZDs (ciglitazone and troglitazone) increased TNFα-induced IL-6 mRNA expression and protein secretion, whereas rosiglitazone was without effect. Moreover, all three TZDs increased TNFα-induced IL-1α and IL-1β mRNA expression. These potentially significant observations suggest that rather than being anti-inflammatory, TZDs may exert pro-inflammatory effects on cardiac fibroblasts that could exacerbate adverse myocardial remodeling. Although there is compelling evidence for beneficial myocardial effects of several TZDs in rodent MI models, this is not necessarily the case in larger animals. For example, rosiglitazone conferred no benefit and did not reduce myocardial IL-1 and IL-6 expression in a porcine ischemia/reperfusion model, although troglitazone was effective due to its pleiotropic anti-oxidant properties [44] . These data, together with our present findings, raise important questions regarding the choice of species as models for studying the effects of TZDs on the heart. An unavoidable limitation of our study was its in vitro nature, and the exposure of cells to an artificial environment that differs from that in vivo. Nevertheless, our results provide important insights into how TNFα, itself a potent pro-inflammatory cytokine, influences expression of other inflammatory stimuli in human cardiac fibroblasts, and how statins and TZDs may modulate this. A particular strength of our study was the use of cardiac fibroblasts from many different patients. Although precise patient characteristics were not available to us, the donors varied in age, gender, cardiovascular disease and drug treatment. Therefore our findings are representative of the bona fide human scenario. The minimum TNFα concentration that induced significant IL-6 and IL-1 expression was 1 ng/ml, which is 20-30 times greater than that observed in the plasma of post-MI patients [45] . Given that local tissue levels may far exceed plasma levels, our findings are pertinent to the pathophysiological concentrations of TNFα that occur in the human myocardium following MI. Fibroblasts were cultured from right atrial appendage; an area of the human heart that expresses high levels of TNFα [46] . Whether ventricular fibroblasts would respond similarly to TNFα is an issue requiring further study.
In summary, TNFα acting via distinct TNF receptor subtypes and intracellular signaling pathways can stimulate the expression of IL-6, IL-1α and IL-1β by human cardiac fibroblasts. The inability of statins or TZDs to attenuate this inflammatory cascade indicates that cardiac fibroblasts are not the cellular targets for the anti-inflammatory effects of these drugs on the heart; indeed TZDs appear to potentiate some of the effects of TNFα on pro-inflammatory cytokine expression. Our study reveals important new insights into how TNFα, a cytokine strongly associated with heart failure progression, can lead to increased expression of other proinflammatory cytokines by human cardiac fibroblasts. A clearer understanding of the mechanisms of such effects may reveal novel targets for future therapeutic intervention.
